Background/Aims: MicroRNA (miRNA) plays important roles in the development of different cancers. In this study, we investigated the roles and mechanisms of miR-203 in human cervical cancer. Methods: miR-203 expression was detected in cervical cancer tumors and cell lines by qRT-PCR. The methylation status in the promoter region of miR-203 was examined by methylation-specific PCR. The functional effect of miR-203 was determined by both in vitro and in vivo assays. Results: miR-203 was frequently down-regulated in cervical cancer tumors and cell lines. This down-regulation of miR-203 was associated with methylation of the miR-203 promoter. Furthermore, miR-203 down-regulated vascular endothelial growth factor alpha (VEGFA) expression by directly targeting its 3'-untranslated region. Functional assays revealed that miR-203 suppressed cervical cancer cell proliferation, tumor growth, and angiogenesis in nude mice, whereas forced expression of VEGFA rescued this inhibitory effect. Conclusion: Our collective findings indicate that miR-203 functions as a tumor suppressor by targeting VEGFA, resulting in the inhibition of tumor growth and angiogenesis. Thus, miR-203 may be a potential therapeutic target and prognostic marker in cervical cancer.
Introduction
Cervical cancer is highly prevalent and the leading cause of cancer death in women worldwide [1] . Concomitantly, the incidence and mortality of cervical cancer are rising, but currently there is no effective chemoprevention or treatment. Therefore, new and effective treatment approaches are necessary to reduce mortality and extend survival of cervical cancer patients.
MicroRNAs (miRNAs) are a recently discovered class of small noncoding RNA molecules that modulate gene expression [2] . Accumulating evidence has indicated that miRNAs are master regulators of several important biological processes, including cell apoptosis, proliferation, migration, invasion, and metabolism [3] [4] [5] [6] . Several miRNAs are down-regulated in cervical cancer, such as miR-214, miR-143, miR-375 and miR-23b [7] [8] [9] [10] , suggesting their potential involvement in the development of this malignancy. Recently, miR-203 has been reported to be deregulated in cervical cancer compared with normal cervical squamous epithelial specimens, and its downregulation is closely associated with promoter hypermethylation [11] [12] [13] . The involvement of miR-203 in the tumorigenesis and development of bladder, breast, and prostate cancers, as well as hepatocellular carcinoma have also been reported [14] [15] [16] [17] . However, the underlying mechanisms by which miR-203 affects tumor growth and angiogenesis in cervical cancer remain largely unknown.
In the present study, we found that miR-203 functions as a tumor suppressor by directly targeting vascular endothelial growth factor alpha (VEGFA). We confirmed that miR-203 is down-regulated in cervical cancer because of promoter hypermethylation. Also, miR-203 overexpression inhibited VEGFA both at the mRNA and protein levels, suppressed cell proliferation, and attenuated tumor growth and angiogenesis in nude mice. Thus, our findings provide significant clues regarding the role of miR-203 as a tumor suppressor in cervical cancer.
Materials and Methods

Cell culture and tumor specimens
Five human cervical cancer cell lines (HeLa, C33A, SiHa, CaSki and HT-3) were purchased from the American Typed Cell Culture (Manassas, VA, USA) and grown in Dulbecco's modified Eagle's medium with 10% fetal bovine serum at 37 °C in an atmosphere of 5% CO 2 . A total of 34 pairs of human cervical cancer tissues and adjacent normal cervical tissues were collected from Shanghai Jiangwan Hospital (Shanghai, China). Specimens were obtained with informed patient consent and the study was approved by the Ethical Committee of Shanghai Jiangwan Hospital.
RNA extraction and quantitative real-time PCR (qRT-PCR) analysis
Total RNA for mRNA and miRNA analyses was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. Complementary DNA (cDNA) was synthesized from 2 μg of total RNA using the PrimeScript RT Reagent Kit (TaKaRa, Otsu, Shiga, Japan). To quantify mature miR-203 expression, stem-loop qRT-PCR was performed using an ABI PRISM 7500 Sequence Detection System (Applied Biosystems, Inc., Foster City, CA, USA) with the TaqMan ® MicroRNA Reverse Transcription Kit (Applied Biosystems). RNU6B was used as an endogenous control for normalization. qRT-PCR analyses for VEGFA and the normalization control gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were performed using SYBR Premix Ex Taq (TaKaRa) on an ABI PRISM 7500 Sequence Detection System (Applied Biosystems). The relative expression of each gene was calculated and normalized using the 2 −Δ ΔCt method relative to RNU6B or GAPDH. DNA methylation analysis DNA methylation was determined using PCR analysis by converting 1 μg of genomic DNA (gDNA) with sodium bisulfite, as previously reported [18] . Then, methylation-specific PCR (MSP) was performed using primers specific for either the methylated or modified unmethylated DNA. The methylation status was also analyzed by bisulfite genomic sequencing (BGS) of both strands of the corresponding CpG islands, as described previously [19] . The MSP primer sequences for the miR-203 promoter were 5'-GGGTTGTGGAGGATTAGTT-3' (forward) and 5'-AAACAACTAAACTCCAAACA-3' (reverse) for unmethylated reactions, and 5'-GGGTCGTGGAGGATTAGTC-3' (forward) and 5'-AAACGACTAAACTCCGAACG-3' (reverse) for methylated reactions. The BGS primers were 5'-GAATTCGGGAGGTTAGGTG-3' (forward) and 5'-ACCCCCTACCCTACTACAACC-3' (reverse).
5-aza-2'-deoxycytidine treatment
Lentiviral infection and oligonucleotide transfection
The human miR-203 precursor or anti-miR203 (Ambion, Austin, TX, USA) was cloned into the lentivirus-based expression plasmid pLenti-6.3 (Invitrogen). The primers for pre-miR-203 were 5'-GAATTCGGG GATCTGGGCGCAGGGGCC-3' (forward) and 5'-CTCGAGCCGACCTGGAGCGCGGAGC-3' (reverse). Viral packaging and infection were performed according to standard protocols as recommended by the manufacturer. Cells ( 1×10 6 ) were infected with 1×10 7 lentivirus transducing units in the presence of 10 μg/ml polybrene (Sigma-Aldrich). An empty lentiviral vector was used as negative control.
Plasmid construction and luciferase reporter assays
The full-length open reading frame of VEGFA was cloned into pcDNA3.1 (+) to generate VEGFA expression vectors. The primers for VEGFA were 5'-ACCATGAACTTTCTGCTGTCTTGGGTGCAT-3' (forward) and 5'-TCACCGCCTCGGCTTGTCACATCTGCAAGT-3' (reverse). The wild-type 3'UTR (WT) of VEGFA (from 1101 to 1419 bp in the 3'UTR of VEGFA) was cloned into Xho I/Hind III sites of the pGL3 Basic Vector (Promega, Madison, WI, USA). Site-directed mutagenesis of the miR-203 seed sequence in the VEGFA 3'-UTR (Mut) was performed using the QuikChange™ Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). The primers for VEGFA 3'-UTR were 5'-CAGCTCGAGTGTGTGAGTGGTTGACCTTCCT-3' (forward) and 5'-CCGAAGCTTTCAGGGAGAGAGAGATTGGAAA-3' (reverse). For the reporter assays, stable miR-203 overexpressing clones were transiently transfected with WT or Mut reporter plasmids using Lipofectamine 2000 reagent (Invitrogen). After 48 h, the cells were harvested and lysed, and luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega). Renilla-luciferase was used for normalization.
Cell proliferation assay
For the cell proliferation assays, SiHa and CaSki cells (7×10 3 cells/well) overexpressing miR-203 or miR-control were separately seeded in 96-well plates. At 24, 48, 72, 96, and 120 h, cell viability was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay as previously described [20] .
Western blot analysis
The cells were lysed with radioimmunoprecipitation assay lysis buffer and total protein content was collected by centrifugation. Lysate proteins (20 µg) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and subsequently transferred to a nitrocellulose membrane, which was blocked with 5% non-fat dry milk for 2 h and incubated with primary antibodies against VEGFA (Cell Signaling Technology, Inc., Danvers, MA, USA) and GAPDH (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Protein bands were detected by incubation with horseradish peroxidase-conjugated antibodies and visualized with an enhanced chemiluminescence reagent (Amersham Biosciences, Piscataway, NJ, USA).
Tumorigenicity assay in nude mice
Animal experiments were performed according to our institutional guidelines on the use and care of animals. Athymic BALB/c nude mice (4 weeks old) were randomly assigned to four groups (8 mice/ group). SiHa-miR-203 or HeLa-anti-miR203 and the corresponding control cells were trypsinized and resuspended at a final concentration of 5×10 6 cells/0.1 ml in phosphate-buffered saline. Cells were injected subcutaneously into the right flanks of the nude mice, which were observed over 4 weeks for tumor 
Immunohistochemical analysis
Tumors were fixed with 4% paraformaldehyde for 24 h, washed with 70% ethanol, and processed by the paraffin-embedded method. The tissues sections (5 mm thick) were then heat-immobilized or pepsinimmobilized according to the manufacturer's instructions. Antibodies against CD31 (Abcam, Cambridge, MA) were used for the immunostaining, followed by incubation with anti-rabbit secondary antibodies, and visualized with Envision System (DAKO Corporation, Carpinteria, CA, US) and diaminobenzadine (DAB kit, Invitrogen). Microvessel density was evaluated by counting 5 random high power fields (200×).
Statistical analysis
Statistical analysis was performed using SPSS v13.0 statistical software (SPSS, Inc., Chicago, IL, USA) and data were expressed as the mean ± standard error of at least three independent experiments. Student's t-test was used to analyze differences between two groups and Spearman's correlation analysis was used to analyze the correlation between miR-203 and VEGFA mRNA expression. Differences were considered statistically significant at a p-value < 0.05 (*p < 0.05 and ** p < 0.01).
Results
miR-203 is down-regulated in cervical cancer
Previous studies showed that miR-203 expression was significantly reduced in cervical cancer. To confirm these results, qRT-PCR analysis was performed in 34 paired samples of cervical cancer. As shown in Fig. 1A , miR-203 was strongly down-regulated in cervical cancer tissues compared to adjacent normal cervical tissues. Similarly, miR-203 expression was generally lower in cervical cancer cell lines than normal cervical tissues (Fig. 1B) . Taken together, these results suggest that miR-203 is down-regulated in human cervical cancer and cell lines.
miR-30a down-regulation is caused by promoter hypermethylation
To confirm that miR-203 down-regulation is caused by promoter hypermethylation in cervical cancer, the methylation status of the miR-203 promoter was tested by MSP. Full or partial methylation was observed in five cervical cancer cell lines (HeLa, C33A, CaSki, SiHa, and HT-3). This was accompanied by down-regulated miR-203 expression, whereas miR-203 
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promoter methylation was not detected in the normal cervical tissues ( Fig. 2A) . In addition, BGS was used to characterize miR-203 promoter methylation in the SiHa and CaSki cell lines and normal cervical tissues. Dense methylation was found in SiHa and CaSki cells, but not in normal cervical tissues (Fig. 2B) . Consistent with these observations, MSP analysis showed that the miR-203 promoter was hypermethylated in 44.7% (9 of 34) of tumour specimens, unmethylated in all normal cervical tissues (Fig. 2C) . To further confirm these results, SiHa and CaSki cells were treated with the demethylation agent 5-aza-2'-deoxycytidine (Aza). This restored miR-203 expression (Fig. 2D) , indicating that miR-203 down-regulation was mediated by promoter methylation in cervical cancer cells.
The VEGFA 3'-UTR is a target of miR-203
To explore the function of miR-203, three computational algorithms (TargetScan, PicTar, and miRanda) were used to search for potential miR-203 target genes, especially for those involved in tumor growth and angiogenesis. Basing on this rationale, 5 candidate genes (VEGFA, FGF2, PDGFRA, E2F3 and AKT2) were selected. We were particularly interested in VEGFA because of its positive roles in tumor growth and angiogenesis [21, 22] . Fig. 3A showed that the VEGFA 3'-UTR contained a complementary site for the miR-203 seed region, which was conserved across species . To confirm that VEGFA is a direct target of miR-203, we subcloned a 3'-UTR fragment of VEGFA (WT) containing the binding site into the pGL3 reporter vector. As shown in Fig. 3B , miR-203 overexpression in SiHa and CaSki cells, markedly suppressed the luciferase activity of the WT reporter, while this profound inhibition was abolished when the target miR-203 seed sequences were mutated (Mut) or by tansfection with anti-miR203. Accordingly, miR-203 inhibition by the addition of antimiR203 in HeLa cells rescued luciferase expression (Fig. 2C) . To directly assess the effect of miR-203 on VEGFA expression, miR-203 was stably overexpressed in SiHa and CaSki cells using lentiviral expression vectors, as these cells have low basal levels of miR-203 among cervical cancer cell lines (Fig. 1B) . As shown in Figs. 3D and E, miR-203 overexpression down-regulated VEGFA expression at both the mRNA and protein levels. In contrast, miR-203 knockdown using anti-miR203 in HeLa cells, which have high endogenous miR-203 levels, significantly increased VEGFA expression. These results provide evidence that miR-203 directly recognizes the 3'-UTR of VEGFA mRNA and inhibits its expression.
VEGFA levels are up-regulated in cervical cancer tissues and inversely correlated with miR-203 expression
To determine whether reduced miR-203 expression is correlated to VEGFA expression levels in tumor tissues, we evaluated VEGFA expression in 34 cervical cancer and adjacent (Fig. 4E) , whereas miR-203 knockdown tumors had more blood vessels (Fig. 4F) . These results indicate that miR-203 is able to suppress the growth of cervical cancer cells.
Discussion
miRNAs play key roles in cancer development and progression [23] [24] [25] . Recent studies found that miR-203 was significantly deregulated in cervical carcinoma [11] [12] [13] ; however, the underlying mechanisms by which miR-203 affects tumor growth and angiogenesis are still not well elucidated. In the present study, we confirmed that miR-203 expression levels were significantly down-regulated in cervical cancer tissues and cell lines. Interestingly, miR-203 expression patterns differ among human cancers. miR-203 down-regulation was described in mucosa-associated lymphoid tissue lymphoma, central nervous system tumors, and hepatocellular carcinoma [26] [27] [28] , whereas its up-regulation was shown in colon and ovarian cancers [29, 30] . These controversial results suggest that the role of miR-203 is possibly tumor specific and highly dependent on its targets in different cancers.
Dysregulation of miRNAs expression occurs through multiple mechanisms including promoter methylation [31] . Recently, hypermethylation of miR-203 promoter has been found in HCC, cervical cancer and CML [12, 13, 17, 32] . In this study, we confirmed that the mechanism of miR-203 downregulation was closely associated with the hypermethylation in its promoter region. Full or partial methylation was observed in cervical cancer cell lines and tissues by MSP analysis. Bisulfite genomic sequencing (BGS) of the miR-203 promoter region confirmed dense methylation in cervical cancer cell lines; however, very few methylation was detected in the normal cervical tissues. Furthermore, the reduced expression of miR-203 could be restored by the treatment of demethylation agent 5-aza-2'-deoxycytidine (Aza), indicating that promoter methylation was the major mechanism of the downregulation of miR-203 in cervical cancer.
We further explored the possible targets of miR-203 in cervical cancer cells through different computational algorithms. Among the candidate target genes, we focused on VEGFA because of its role as a regulator of tumor growth and angiogenesis. Using a dual-luciferase reporter assay we showed that miR-203 directly bound to the 3'-UTR of VEGFA, which contains a miR-203-binding site. miR-203 overexpression significantly down-regulated VEGFA expression at the mRNA and protein levels. We observed substantial up-regulation of VEGFA mRNA in cervical cancer tissues and miR-203 levels were negatively correlated with VEGFA levels. Collectively, these results confirmed that miR-203 directly targeted VEGFA in cervical cancer.
To reveal the role of miR-203 in cervical cancer, we evaluated the effects of miR-203 on cell proliferation, tumor growth, and angiogenesis. We found that miR-203 overexpression markedly suppressed cell proliferation, whereas miR-203 deletion by anti-miR203 promoted cell growth. Re-expression of VEGFA in miR-203-overexpressed cells reversed the effects of miR-203, suggesting an anti-proliferative role of miR-203 attributable largely to VEGFA down-regulation. miR-203 overexpression suppressed cervical cancer cell tumorigenicity and angiogenesis in nude mouse xenograft models. To the best of our knowledge, several recent studies have reported the tumor-suppressor role of miR-203 in cancers [14] [15] [16] [17] . Liu et al. [14] showed that miR-203 suppressed bladder cancer development by repressing B-cell leukemia/lymphoma-w expression. Melino et al. [16] found that miR-203 controlled proliferation, migration, and invasive potential of prostate cancer cell lines. Notably, miR-203 has been reported to suppress epithelial to mesenchymal transition (EMT) in several tumor cell lines, such as prostate and breast cancer [16, 33] . Given that colon cancer cells undergoing EMT displayed increased VEGF secretion [34] , we speculate that increased VEGF
